Scaffolding molecules at the postsynaptic membrane form the foundation of excitatory synaptic transmission by establishing the architecture of the postsynaptic density (PSD), but the small size of the synapse has precluded measurement of PSD organization in live cells. We measured the internal structure of the PSD in live neurons at approximately 25 nm resolution using photoactivated localization microscopy (PALM). We found that four major PSD scaffold proteins were each organized in distinctive 80 nm ensembles able to undergo striking changes over time. Bidirectional PALM and singlemolecule immunolabeling showed that dense nanodomains of PSD-95 were preferentially enriched in AMPA receptors more than NMDA receptors. Chronic suppression of activity triggered changes in PSD interior architecture that may help amplify synaptic plasticity. The observed clustered architecture of the PSD controlled the amplitude and variance of simulated postsynaptic currents, suggesting several ways in which PSD interior organization may regulate the strength and plasticity of neurotransmission.
INTRODUCTION
Postsynaptic scaffolding molecules establish the internal organization of the postsynaptic density (PSD), critically determining the characteristics of excitatory synaptic transmission. However, though extensive genetic, biochemical, and molecular analysis has provided a wealth of information as to the characteristics of individual constituents of the PSD (Sheng and Hoogenraad, 2007) , it is unclear how these constituents are arranged in individual PSDs, and whether this organization is dynamically regulated in living synapses. A particularly important aspect of PSD organization is the subsynaptic positioning of AMPA-type glutamate receptors (AMPARs) (MacGillavry et al., 2011) . Because only AMPARs very near a presynaptic release event are exposed to a sufficiently high concentration of glutamate to become activated, the local density of receptors apposing the release site ultimately determines the strength of a synaptic response (Franks et al., 2003; Lisman et al., 2007; Raghavachari and Lisman, 2004) . Furthermore, receptors are not uniformly distributed within the PSD but are commonly immobile and confined within subsynaptic domains (Ehlers et al., 2007; Heine et al., 2008; Kerr and Blanpied, 2012) . Understanding mechanisms that underlie subsynaptic positioning of AMPARs and the scaffolding molecules that bind them within individual PSDs is thus critical for a better understanding of synaptic transmission. Even more broadly, however, the subsynaptic positioning of other scaffold-linked components of the PSD, such as adhesion molecules, signaling intermediates, and the cytoskeleton, control diverse aspects of synaptic function and plasticity.
Directly determining the structural organization of the PSD in living neurons has been technically challenging because the small dimensions of the synapse essentially lie beyond the resolution of conventional optical imaging. As a result, our current understanding of the structural organization of the PSD is mainly derived from studies on biochemically isolated PSDs or fixed-tissue microscopy, culminating in the assumption that the PSD is a homogeneous and static structure. In contrast, live-cell microscopy revealed that the PSD is a very dynamic structure with individual components continuously being repositioned (Blanpied et al., 2008; Kerr and Blanpied, 2012) and exchanged (Kuriu et al., 2006; Sturgill et al., 2009 ). Here, we have used live-cell superresolution photoactivated localization microscopy (PALM) (Betzig et al., 2006; Hess et al., 2006) to map the spatial distribution of molecular families within single PSDs at nanometer resolution and resolve the dynamic interior organization of living synapses. We find that scaffold proteins in individual PSDs are not homogeneously distributed but rather accumulate in dense, subsynaptic clusters and that PSD-95-dense scaffold domains are preferentially enriched in AMPARs.
RESULTS

Live-Cell Superresolution Imaging of the Postsynaptic Density
To study the subsynaptic distribution of PSD-95 using live-cell PALM, we transfected rat hippocampal neurons in dissociated culture with a PSD-95 replacement construct (shrPSD-95; see Figures S1A-S1C available online) tagged with mEos2. Individual molecules were stochastically activated using weak 405 nm illumination and excited during 50 Hz imaging with oblique illumination at 561 nm (Frost et al., 2010b) . Compared to wide-field images, PALM revealed sharper images of PSDs that were clearly delineated by an abrupt drop in scaffold molecule density at the PSD edge ( Figures 1A and 1B) . PSD-95 molecules colocalized with clustered cell-surface AMPARs (Figure 1C) . We estimated the effective map resolution to be 25 nm, based on the localization precision (<15 nm) and the density of localizations within individual PSDs ( Figures 1D-1F , S1D-S1F).
We analyzed PSD morphology by thresholding the PALM density maps to outline individual PSDs ( Figure S1G ). PSD area measured with PALM ranged from 0.02 to 0.53 mm 2 (0.094 ± 0.005 mm 2 , mean ± SEM, n = 169/20 PSDs/neurons), significantly lower than measures based on confocal microscopy (0.226 ± 0.008 mm 2 , n = 810/3), and approaching the reported range of PSD area of in vivo hippocampal CA1 synapses measured by serial section electron microscopy (EM) (from 0.008 to 0.54 mm 2 , mean: 0.069 mm 2 ) (Harris and Stevens, 1989; Schikorski and Stevens, 1997; Shinohara et al., 2008) (Figures 1G and 1H) . No differences in PSD area were noted between spine and shaft synapses (Figures S1I and S1J). PSD area was well correlated with the absolute number of localizations within the PSD, but not with the density of localizations (Figures S1K and S1L). The counted number of localizations per PSD (median, 609) overestimates the number of synaptic PSD-95 molecules because of overexpression (1.6-fold, Figure S1B ) and additionally as a consequence of blinking fluorophores (as described below). When corrected for these factors, the number of PSD-95 molecules per PSD is estimated to be 300, in line with previous estimates (Chen et al., 2008; Sugiyama et al., 2005) . PSD area was similar based on PALM imaging in neurons expressing a Shank3 replacement construct (shrShank3-mEos2; 0.094 ± 0.005 mm 2 , n = 121/11), as well as in neurons overexpressing GKAP-mEos2 (0.095 ± 0.006 mm 2 , n = 110/18) or Homer1c-mEos2 (0.083 ± 0.003 mm 2 , n = 210/12). However, PSDs in neurons overexpressing Shank3-mEos2 were larger (0.12 ± 0.006 mm 2 , n = 196/24; Figure 1H ), emphasizing the importance of the replacement approach. Morphologies of individual PSDs were highly diverse, often with complex, irregular borders (Figures 1I ). In sum, these observations indicate that PALM reliably measures living synapses with unprecedented clarity, revealing detailed structural features unresolved by confocal microscopy.
Subsynaptic Pattern of Scaffold Molecules in Individual Synapses Is Not Homogenous
To visualize the distribution of individual scaffold molecules within the PSD, we plotted measured locations and color coded them according to their local density (Figures 2A and 2B ). We calculated the local density D L around each molecule by counting the number of neighbors within a radius scaled to the mean density in its PSD. This strategy accounts for variation in the copy number of scaffolds in each synapse and the number of localizations achieved per PSD. Typically, the scaling radius was 30 nm (see Supplemental Experimental Procedures for details) and thus samples the immediate environment of the molecule. This analysis resulted in fine-scale maps of the local molecular density of individual synapses and revealed a highly nonuniform distribution of PSD-95 molecules in single PSDs ( Figure 2B ). To test whether the observed distributions exhibited structure beyond that expected to occur in random distributions of points, we used pair-correlation functions (PCFs; see Supplemental Experimental Procedures for details). The measured PCF showed significant inhomogeneity compared to randomly generated ensembles ( Figure 2D ) for 65% of all PSDs (p < 0.001). Furthermore, the median distance over which the distribution was significantly more dense than random was 70 nm, suggestive of clustering of scaffold molecules over this length scale within the PSD. Extensive simulations of PSDs on surfaces with varying degrees of roughness and subjected to random orientations furthermore suggested that the clusters we observed did not arise because of curvature or complexity of the synaptic membrane, or because of the orientation of the PSD relative to the imaging plane ( Figure S2 ).
The measured distribution of PSD-95 varied greatly between synapses, which could reflect either inherent structural differences among individual PSDs or time-variant reorganization in single synapses. To distinguish between these possibilities, we acquired PALM images every 5 min from live neurons. The distri- bution pattern of PSD-95 differed greatly between consecutive time points (Figure 2E) , suggesting that internal PSD structure was continuously reorganizing. Single-molecule tracking revealed that individual scaffold molecules moved at velocities below our level of detection (data not shown), consistent with their confinement within small subdomains of the PSD matrix (Kerr and Blanpied, 2012) . This suggests that the continuously shifting distribution reflects a local reorganization of constituents rather than movement over longer distances within the synapse. Nevertheless, morphing or three-dimensional rotation of the PSD probably influenced our measured cluster dynamics as well. The magnitude of this influence is difficult to test experimentally but appears low. However, our simulations ( Figure S2 ) suggest that only extreme deformation of overall PSD structure could alter the measured PSD-95 distribution to an extent approaching what we observed in live cells. Together, these considerations are consistent with the conclusion that regions of high local scaffold density undergo substantial changes over time.
Scaffold Molecules Are Organized in Subsynaptic Clusters
In most synapses, scaffold molecules were enriched in one or two distinctive clusters ( Figures 3A and 3B) . To delineate these, we defined criteria by using a Monte Carlo approach to simulate random molecule locations within an elliptic region resembling an average synapse and by varying the simulated molecular density, localization precision, and amount of fluorophore blinking ( Figure S3 ). These simulations resulted in a set of objective criteria that reliably defined the borders of simulated clusters ( Figure S3 ). Note, however, that in order to avoid false positives, this conservative procedure reduces identification of genuine clusters that are small or contain few localized molecules. Using these criteria, we found that 70% of the PSDs were defined as containing subclusters. Roughly similar percentages of PSDs expressing tagged GKAP, Shank3, or Homer1c contained one or more clusters ( Figure 3B ). The area of measured PSD-95 subclusters was 4,580 ± 402 nm 2 (diameter: 83 ± 4 nm). On average, 17% ± 1% of the molecules in the PSD resided in these clusters, with a resulting density 3.6 ± 0.1 times higher than the overall density in the PSD. We observed similar measures for the other scaffold molecules ( Figures 3C and 3D) , illuminating an unforeseen level of subsynaptic organization.
Subsynaptic Scaffolding Domains Concentrate Synaptic AMPARs
To test whether NMDA or AMPA-type glutamate receptors are enriched in subsynaptic scaffold clusters, we used two-color, single-molecule imaging on neurons transfected with shrPSD-95-mEos2 and stained for GluA2-containing AMPARs or GluN1-, GluN2A-, and GluN2B-containing NMDARs. Images of photoswitched mEos2 and Alexa 647-conjugated antibodies were acquired simultaneously, localized, and overlaid (Figures 3E and 3F, S3J and S3L) . Alexa 647 localizations within the borders of PSDs were extracted. The distribution of receptors was distinctively heterogeneous, containing notable peaks within the PSD border, consistent with previous superresolution imaging (Dani et al., 2010) . To examine the relative enrichment in subsynaptic scaffold domains, we analyzed PSD-95 local density maps for subclusters as above, and we compared the density of Alexa 647 localizations inside and outside of these domains ( Figure 3G ). Importantly, subcluster area measured by PALM in fixed and live cells was similar (fixed: 4,462 ± 333 nm 2 ; live: 4,580 ± 402 nm 2 ), indicating that fixation did not alter PSD substructure (and that ongoing dynamics of PSD structure did not substantially affect our live-cell measurements). We found that the relative density of GluA2 localizations within clusters was significantly higher than in the entire PSD (relative density: 1.9 ± 0.1, n = 57/11). In contrast, GluN1 (1.2 ± 0.2, n = 61/8) and GluN2A (1.0 ± 0.1, n = 64/15) localizations were not enriched. Interestingly, though, there was a modest enrichment of GluN2B localizations (1.4 ± 0.1, n = 74/8). Note that we cannot be certain that we stained surface receptors only. However, although recycling organelles potentially containing receptors are found in approximately half of spines at rest (Park et al., 2006) , they are rarely found directly under the synapse, where they could be confused with the PSD. By analyzing only localizations within the border of the PSD, we were able to exclude the majority of internal receptors from our analysis. In control experiments, we found enrichment of PSD-95 immunolabeled molecules within clusters identified via shrPSD-95-mEos2 PALM (2.1 ± 0.2, n = 19/3; Figure 3G ). Additionally, expressed GluA2-mEos3.2 localized by PALM was enriched in clusters defined by immunolabeling of endogenous PSD-95 (2.1 ± 0.3, n = 27/10). AMPAR enrichment within scaffold subdomains may reflect a role for receptors in creating clusters. To test whether a downregulation of synaptic AMPARs reduces subsynaptic scaffold clustering, we expressed shrPSD-95-mEos2 along with GluA1 and GluA2 C-terminal domains (''GluA tails'') previously shown to reduce synaptic levels of AMPARs (Shi et al., 2001) but not PSD-95 (Ripley et al., 2011) . Interestingly, while expression of the GluA tails did not alter either PSD area (control, 0.093 ± 0.004 mm 2 ; tails, 0.087 ± 0.003 mm 2 , n = 264/17 and 430/24 respectively, p = 0.21) or the fraction of clustered PSDs (control, 59%; tails, 61%), the area of subsynaptic scaffolding domains was substantially and significantly decreased in neurons expressing GluA tails (control: 4,446 ± 352 nm 2 ; tails: 3,522 ± 21 nm 2 , Figures 3H-3J ).
Homeostatic Scaling of Synaptic Substructure
Chronic changes in network activity result in the homeostatic scaling of synaptic strength, which involves a bidirectional change in miniature excitatory postsynaptic current (mEPSC) amplitude and synaptic AMPAR abundance. We tested whether long-term activity blockade or elevation changes PSD morphology or substructure. Activity blockade with TTX for 2 days significantly increased PSD area (control: 0.094 ± 0.003 mm 2 ; TTX: 0.125 ± 0.004 mm 2 , n = 454/18 and 332/20, respectively), while elevation of network activity with bicuculline showed a trend to reduce PSD area (0.088 ± 0.003 mm 2 , n = 329/ 11, Figures 4A and 4B) . Importantly, by examining PSD interior organization, we found that TTX significantly increased the average number of subsynaptic scaffold clusters per synapse area per PSD in which PSD-95 was clustered (control: 4,842 ± 298 nm 2 ; TTX: 5,616 ± 329 nm 2 ) ( Figures 4C-4E ).
Clustered Distribution Shapes Postsynaptic Responses
To test the physiological impact of the observed nonuniform distribution of AMPARs on the size and variability of postsynaptic currents, we used Monte Carlo simulations of receptor activation after release of a single vesicle of glutamate in a structurally constrained model of the synapse (Raghavachari and Lisman, 2004; Santucci and Raghavachari, 2008) . We simulated release over a uniform distribution of AMPARs or a clustered distribution derived from the measured GluA2 locations in Figure 3E (Figure 4G) . We found that mEPSC amplitudes resulting from a release event on a cluster of AMPARs were much larger (2-fold, p < 0.001) than responses to ''off-cluster'' release or randomly localized release on a uniform distribution (1.5-fold, p < 0.001; Figure 4H ). Simulations of responses to randomly released vesicles across the entire face of the PSD showed that the distribution of mEPSC peak amplitudes exhibited larger amplitude (median = 10 pA) and coefficient of variation (0.50) for a clustered arrangement of receptors compared to a uniform distribution (median = 7 pA, CV = 0.35, p < 0.001).
DISCUSSION
Using a combination of live-cell, single-molecule imaging and quantitative spatial analysis, we have examined PSD morphology and substructure at substantially improved resolution (25 nm). Direct measurements of the distribution of individual molecules across the dimensions of the synapse revealed a structured pattern of scaffold molecules enriched in subsynaptic, nanometer-scale domains. Averaging 80 nm in diameter, these domains contained 15%-20% of the scaffold content of the synapse, packed at roughly three times the density of the remainder of the PSD. Thus, PSD assembly from individual constituents results in emergent structural features incorporating dozens or hundreds of proteins. Four major classes of scaffold proteins each were clustered. While we have not measured the spatial relation between different scaffolds within individual PSDs, it is conceivable that through their interactions, different scaffold proteins accumulate in the same or interlinked domains. Immunogold EM has in general reported no systematic density variation across the synapse (Valtschanoff and Weinberg, 2001) ; however, from analysis of biochemically isolated PSDs, PSD-95 distribution was found to be nonuniform (DeGiorgis et al., 2006; Swulius et al., 2010) . In addition, recent immunolabeling STORM indeed revealed a high variability in protein distribution between individual synapses (Dani et al., 2010) . Our live-cell approach extends this notion in that the pattern of scaffold positioning within the PSD not only varies greatly between synapses but also undergoes robust changes over time.
GluA2-containing AMPARs were enriched in subsynaptic domains dense in PSD-95. This is consistent with the notion that the interaction of AMPARs with PSD-95 via TARPs is required for subsynaptic receptor positioning, just as it is for the overall retention of AMPARs in synapses (Bats et al., 2007; Chen et al., 2000) . Indeed, measurements via confocal microscopy have noted a very high spatial correlation in single synapses between AMPARs and PSD-95 (Kerr and Blanpied, 2012) . The high mobility and exchange rate of AMPARs (Heine et al., 2008) suggest that they do not themselves dictate the fine-scale distribution of synaptic scaffolds. However, we found that reduction of AMPAR content via GluA C-tail expression reduced cluster size, whereas TTX treatment, known to increase AMPAR number, increased cluster size. Together, these results suggest that scaffold proteins probably establish the architectural basis for clustering but that receptor molecules participate as well. Other mechanisms such as macromolecular crowding (Santamaria et al., 2010 ) may in addition serve synergistically to maintain elevated receptor density in clustered subregions of the PSD.
Though many GluN2B-containing receptors lie extrasynaptically, we found that those in the synapse are moderately enriched in PSD-95-rich domains. Previous modeling has shown that the activation of GluN2B-containing receptors after vesicular release drops off quickly away from the site of release, owing to slow receptor activation kinetics (Santucci and Raghavachari, 2008) . Thus, concentration of GluN2B receptors in scaffold domains away from the edge of the synapse may serve to increase their relative probability of opening. In addition, as the GluN2B subunit is the dominant PSD binding site for active CaMKII, it seems likely that substrates within the cluster, such as AMPARs, TARPs, or GKAP, may be targeted preferentially for phosphorylation, refining the modulation of synaptic strength by activity (Lisman et al., 2012) .
In our simulations, we observed that glutamate release over clustered receptors evoked EPSCs nearly twice as large as elsewhere in the PSD. Concentrating AMPARs near sites of release is thus a powerful means to maximize the efficiency of synaptic transmission and clusters of PSD-95 would provide a natural epicenter of pre-post alignment to maximize this effect. For instance, PSD-95 may seed the distribution of adhesion molecules that influence presynaptic organization. Alternatively, the AMPAR N-terminal domain could provide a direct transsynaptic link to coordinate alignment with release sites (Saglietti et al., 2007) . Active zone structure is complex and heterogeneous, with calcium channels perhaps loosely clustered (Holderith et al., 2012) and other components of the presynaptic cytomatrix appearing in repeating groups, potentially dictating release sites (Burette et al., 2012) . It may be that dense scaffold domains, which tend to be more central than at the border of PSDs, help principally to congregate receptors toward the center of the synapse rather than specifically align them with release sites. Indeed, release at randomly distributed sites still evoked much larger mean EPSCs at clustered PSDs than those with the same number of receptors uniformly distributed. However, suggestions that release mode (Park et al., 2012) and spontaneous versus action potential-evoked fusion (Kavalali et al., 2011) may influence subsynaptic release location highlight the importance of understanding mechanisms that transsynaptically match active zone and PSD organization.
Our observations suggest that modifying cluster size, position, or receptor content may magnify or diminish transmission, even in the absence of altered receptor number. Reorganization of scaffold ensembles in the absence of plasticity-inducing stimuli suggests subsynaptic alignment is far from static even under basal conditions, further emphasizing recent observations that the PSD interior is a dynamic structure (Bats et al., 2007; Kerr and Blanpied, 2012) . However, molecular destabilization of the PSD is prominent during induction of LTP and LTD Xu et al., 2008) , suggesting that periods of plasticity involve substantially enhanced reorganization of the internal scaffold distribution. We speculate that the increased number and enlargement of PSD subclusters that we observed during activity blockade augments the influence of added AMPARs.
Distinct from effects on receptors, scaffold clusters deep in the PSD would be expected to influence postsynaptic signaling in many ways. Clusters of Shank probably determine points of attachment to the actin cytoskeleton through actin-binding proteins that interact with Shank (Haeckel et al., 2008; Naisbitt et al., 1999) . Indeed, actin filaments contact the PSD at its interior face (Burette et al., 2012; Frost et al., 2010b) . This contact may be critical for numerous steps in synaptic structural and functional plasticity (Frost et al., 2010a; Kerr and Blanpied, 2012) , including the reorganization of scaffold patterning that we have observed here. Consistent with this idea, acute depolymerization of actin by latrunculin A reduced the area of PSD-95 clusters ( Figure S4 ). Speculating more broadly, the distinctive, nanoscale organization of spine actin (Frost et al., 2010b; Urban et al., 2011) and the regulated positioning of perisynaptic receptor trafficking machinery (Blanpied et al., 2002; Kennedy et al., 2010) suggest that the actin cytoskeleton may tie the diverse regulatory components of the spine together into a functionally coordinated ensemble. It will thus be important to assess whether mechanisms that create or maintain the synaptic scaffold pattern also contribute to activity-dependent changes in spine structure, as disruption of these mechanisms may well lead to pathological synaptic dysfunction (Penzes et al., 2011; Ting et al., 2012) . Continual improvement in superresolution imaging (Dani et al., 2010) , particularly in live cells, should help to clarify the structural and molecular mechanisms in spines that establish and modulate synapse function.
EXPERIMENTAL PROCEDURES
See Supplemental Experimental Procedures for details.
Dissociated hippocampal neurons from embryonic day 18 rat were prepared as described in Frost et al. (2010b) . Cells were transfected 12-16 days after plating and imaged by oblique illumination PALM 72 hr later. Molecules were localized and assembled in density maps from which individual PSDs were delineated. Localizations within the borders of the PSD were then coded on the basis of their local density, and these maps were segmented to define subsynaptic clusters. For two-color, single-molecule imaging, PSD-95 or receptors were immunolabeled with Alexa 647-conjugated secondary antibodies. Images of photoswitched shrPSD-95-mEos2 and Alexa 647 molecules were acquired simultaneously, drift corrected, and aligned. Homeostatic scaling was induced by incubating cultures with TTX or bicuculline for 48 hr. mEPSCs were simulated as described (Raghavachari and Lisman, 2004) .
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